19% (3B3179).
Introduction
The anti-tumor glycopeptide bleomycin (BLM) was first isolated by Umezawa (24) from Stseptomyces vertiCi/ius cultures. BLM consists of a mixture of glycopeptide antibiotics containing the same disaccharide moiety (Lglucose and 3-0-carbamoybmannose) and a peptide part (five amino acids, one amine) differing in their terminal amine moiety (22, 25) .
Several molecular mechanisms have been proposed to explain the ability of BLM to induce single-and double-stranded breaks and also to liberate free bases (8, 9) . A recent model describes the ability of the antibiotic to associate with both DNA and complex ferrous ions. The ferrous oxidase activity of this complex reduces molecular oxygen to the superoxide radical, hydrogen peroxide, and the highly reactive hydroxyl radical in close proximity to DNA (3) . Therefore, the genotoxic actions of BLM and X-rays are quite similar; both produce DNA strand breaks in living cells, mainly through radical attack (7, 10, 14, 17) .
In this study we analyzed the induction of DNA strand breaks by X-rays or BLM in CHO-K1 cells by use of two different methods, both being modifications of the alkaline unwinding method (1) .
In the bulk assay (19) , X-rayor BLM-induced DNA strand breaks 43: [229] [230] [231] [232] [233] [234] [235] 1995) were measured by determining the single-and double-stranded DNA fractions, resulting in a mean value of nuclear damage averaged over the entire cell populations. The dose-dependent induction of DNA strand breaks and the repair behavior of CHO-K1 cells were investigated. Similar experiments were carried out using a single-cell assay (18, 20) . The automated analysis of treated cell populations yields rapid data about induced DNA breaks for large numbers of individual cells with the potential for concomitant cell cycle stage classification. After W i n e treatment of irradiated or BLM-treated cells, the staining of single-and double-stranded DNA with the fluorescent dye acridine orange results in green and red fluorescence signals. In the absence of RNA, the signal ratio is a measure of the number of DNA strand breaks per genome. Information about induced DNA strand breaks for every single cell of the population allowed an analysis of the heterogeneity of the cell population in the induction of breaks and their repair. The differences in the distribution of X-ray-and BLM-induced DNA strand breaks and in their repair in CHO-K1 cells are described and their implications discussed. cultivated in Ham's F10 medium (Flow Laboratories; Baar, Switzerland) supplemented with 10% fetal calf serum (Seromed; Biochrom, Berlin, Germany), 25 Ulml penicillin, and 25 Wg/ml streptomycin. Cells were cultivated as monolayers in 75-cm2 culture flasks at 37'C in an incubator (Cytoperm; Hereus, Zurich, Switzerland) perfused with a water-saturated 95% air->% CO2 mixture (growth conditions).
For the bulk assay, the growth medium was supplemented with 1.35 kBqlml [methyL3H]-thymidine (185 GBqlmmol; Amersham, Poole, UK). Cells were labeled for 2 days in 35" petri dishes (2 x 10' cellsldish in 2 ml medium).
Bleomycin Treatment and Repair. A stock solution of BLM (Lundbeck; Kobenhagen, Denmark) was prepared (1 mglml PBS); appropriate concentrations were set up in Ham's F10 medium.
For bulk assays, 2 ml of BLM solution was added to dishes covered by a confluent cell monolayer. After incubation under growth conditions, the BLM solution was removed and the dishes were washed twice with ice-cold PBS.
For single-cell assays, cell suspensions of 5 x lo6 cells/ml were incubated in plastic tubes (5 ml) under growth conditions with gentle shaking. After BLM treatment, the medium was removed by centrifugation for 5 min at 4% and 1300 rpm and the cells re-suspended in ice-cold PBS at a concentration of 5 x lo6 cellslml for the single-cell assay. Before repair incubation of the induced DNA damage, cells were washed twice with ice-cold PBS.
In both assays, repair of DNA damage was investigated by adding new growth medium (37'C) and incubating the cell cultures under growth conditions.
Irradiation and Repair. Cells suspended in culture medium ( 5 x lo6 cellslml) were irradiated on ice at a dose rate of 1.3 Gylmin (Philips X-ray unit, model MG 323, 240 kV, 10 mA, filtered with 1 mm A h ; dose rate was checked with a Farmer dosimeter 2570). Irradiated cells were then incubated at 37'C in growth medium to allow repair of DNA damage.
Bulk Assay. Induction of DNA strand breaks and their repair in prelabeled cells was determined by partial alkaline unwinding of DNA followed by separation of single-and double-stranded DNA by hydroxyapatite column chromatography, followed by measurement of the tritium activity (three samples per dose).
Cell monolayers (35-mm dishes) labeled with [ 3H]-thymidine were placed on ice and washed twice with 2 mlO.15 M NaCI. Cells were treated in the dark with 1.5 ml of an alkaline solution (0.03 NaOH. 0.9 M NaCI, 0.01 M NazHP04) for 30 min at O' C to allow partial DNA unwinding. The unwinding was terminated by neutralizing the suspension with 1.5 mlO.032 M HCI. The cell lysate was transferred to a test tube and sonicated for 10 sec, after which 1 ml SDS (1%) was added. Samples were warmed to 55°C and applied to hydroxyapatite columns (150 mg hydroxyapatite DNA grade; Bio-Rad, Richmond, CA) held at 60'C. After washing twice with 2 ml0.0125 M sodium phosphate buffer, single-stranded DNA (ssDNA) was eluted twice with 2 ml 0.15 M sodium phosphate buffer and doublestranded DNA (dsDNA) twice with 2 ml of 0.3 M sodium phosphate buffer. 3H activity in the ssDNA and dsDNA fractions was determined by adding liquid scintillation fluid (Hionic Fluor) to the samples, followed by measurement of the activity in a Packard liquid scintillation counter. The log of the relative mass fraction of dsDNA [m&/(mp, +mdr)] was taken as a measure of DNA strand breaks (16) . The mean value * SD from three samples is indicated.
Single-cell Assay. Induction of DNA strand breaks and their repair in single nuclei were determined by alkaline unwinding of DNA in intact cell nuclei combined with acridine orange staining as previously described (11) .
Fifty pl of 2.25% ultra-low gelling temperature agarose (SeaPrep 15/45; FMC, Rockland, ME, melted in PBS and held at 37'C) was quickly transferred into a flat glass tube and mixed with 25 ~1 of irradiated or BLM-treated cell suspension ( 5 x lo6 cellslml). The bottom surface of the tubes was pre-coated with a thin layer of 0.1% agarose (ET Sigma, St Louis, MO). The layers were always freshly prepared, spreading 10 pI ofO.l% agarose (melted in water) over the bottom surface, kept on ice for 10 min, and dried at room temperature (RT) for another 10 min.
The tubes with the cell-agarose mixture were placed on ice for gelling. One ml of alkaline solution (0.05 N NaOH, 0.95 N NaCI) was added on top of the agarose layer with the embedded cells and kept in the dark at RT. The cells embedded in agarose usually do not burst during alkaline treatment. After 45 min, the alkaline solution was replaced by 2 ml PBS for 20 min. PBS was replaced for a second time, and tubes were then placed in a 40'C waterbath. After 10 min the tubes were transferred to a 65'C waterbath for another 10 min and slowly and repeatedly were inverted to mix the melted agarose with the buffer having the treated cells again as cell structures in solution. Tubes were stored at 4'C ready to be stained before flow cytometric measurements.
Flow Cytometry. Flow cytometric analyses were carried out with a Partec PAS I1 Cytofluorograph (Munster, Germany). Treated cell structures, which were held at 4'C in an agaroselPBS suspension (see above), were centrifuged for 5 min at 1300 rpm and re-suspended in 0.1 ml ice-cold PBS. The samples were mixed on ice with 0.2 ml of Solution A (0.1% Triton X-100.0.08 N HCI, 0.15 N NaCI, pH 1.3). After 45 sec, cells were stained by adding 0.6 ml of Solution B (10 pglml acridine orange in M EDTA, 0.15 N NaCI, 0.125 M Na2P04, 0.04 M citric acid, pH 6.0) and analyzed within 10 min after staining.
Cells passing the object field (Nikon objective, magnification x 40) were illuminated by 100-W high-pressure mercury light source with an excitation filter of 450-490 nm. The fluorescence was detected by two bialkaline photomultipliers. Green fluorescence was measured in a wavelength interval of 590-515 nm (TK 590, OG 515) and red fluorescence above 630 nm (TK 590, RG 630). The data are shown as dot-plots and threedimensional graphs.
Calculation of Percent Damage Distribution. To quantify damage and damage distribution, scattergrams were divided into equal triangles (see Cell Survival. The ability to form colonies after X-ray or BLM treatment was taken as a survival assay. The treated cell suspensions were plated on 90-mm dishes (300 cells/dish) and incubated for 6 days under growth conditions. After fixation ( 5 min in methano1:glacial acetic acid, 3:l) and staining with crystal violet (10 g/liter MeOH, 70%), the colonies were counted (five dishes per concentration, scoring only colonies of 2 3 2 cells). Do values were estimated from the survival curves.
Results
X-ray-and BLM-induced DNA strand breaks and their repair in CHO-K1 cells were quantified with a bulk and a single-cell method, respectively, both based on partial DNA unwinding in an alkaline milieu.
A typical linear dose-response curve for primary DNA breaks in irradiated CHO-K1 cells was found with the bulk assay ( Figure 1 CHO-K1 cells incubated for 2 hr at 37°C with different doses of BLM also responded with a dose-dependent increase of damage induced by the clastogenic antibiotic ( Figure 1, curve b ). In the system described here, comparable amounts of breakage were found for 10 Gy and 60 pg/ml BLM or for 15 Gy and 100 pg/ml BLM.
Because a quite long incubation time of 2 hr at 37°C was chosen to approach equilibrium concentrations of BLM inside the cells, a comparison of the clastogenic potential of the two agents based on the results of Figure 1 is bound to underestimate the genotoxicity of BLM because repair is considerable. Therefore, meaningful comparisons must be limited to the shape of the dose-response curve.
In our assays, repair of BLM-induced DNA breaks was defined as reversibility of damage found in the post-exposure incubation period. This repair after incubation with 25 pg/ml BLM showed that about 90% of breaks were repaired after 60 min (Figure 1,  curve d) . A repair half-life of about 7 min can be derived from the curve.
Acridine orange emits green fluorescence when bound to doublestranded DNA and red fluorescence when bound to single-stranded DNA or RNA (4). In our system, RNA does not contribute to the red signal. The mild alkaline treatment used for DNA unwinding is sufficient to break down cellular RNA (18) . The ratio of green to red fluorescence intensity reflects the number of DNA strand breaks and was used in the single-cell assay to quantlfy breaks in individual cells.
CHO-K1 cells irradiated with various X-ray doses showed an increase in red and a decrease in green fluorescence signals, depending on the doses applied ( Figure 2 ). In this dot-plot demonstration, the total cell population is distributed in different cell cycle stages and clusters of cells and nuclear debris inside a narrow band shifting uniformly towards higher red fluorescence values, depending on the radiation-induced DNA strand breaks. No cell cycle dependence can be seen at this resolution. Cells irradiated with 15 Gy and incubated for repair at 37°C showed a time-dependent increase of the green to red fluorescence ratio (Figure 3 ). The repair behavior of the cells within a population resulted in a uniform shift of the cell band angle towards the control level, which was reached after 30 min. Both for damage induction and repair, the variation around the mean angle was quite small among different cells.
CHO-K1 cells treated with BLM usually also showed a shift in the ratio of the two fluorescence signals, depending on the BLM concentration and length of incubation (Figure 4) . In contrast to irradiated cells, the effect of BLM was not uniformly seen over the entire cell population. Even at relatively high concentrations, a fraction of cells showed no effect (i.e., the fluorescence ratio of control cells). This surprising finding was also supported by leveling off of the survival curve at high BLM doses (see Figure 5) .
BLM treatment (30 pg/ml for 2 hr) of CHO-K1 cells followed by repair incubation at 37°C for 5 min demonstrated for the bulk of the cells a fluorescence ratio largely comparable with that of untreated cells ( Figure 6 ). Even so, the diagram indicates the presence of a tail of still clearly damaged cells, which is in accordance with findings from complementary assays (10,21). up to 60 min (data not shown) produced no significant difference compared with the 5-min repair incubation in the single-cell assay. A numerical comparison of the distribution of radiation-and BLM (Figures 2 and 4 )-induced DNA strand breaks was attempted as follows. The single scattergrams were divided into triangles of equal-sized areas (SD of the triangle areas 2.5%). Every triangle represented a range of green to red fluorescence ratios continuously increasing from a to z (Figure 7 ). For all treatments, the distribution of cells in the &rent triangles was determined. Figure 8 shows the distribution of the percentage of cells per triangle in column diagrams. Column a in Figure 8 , depicting irradiated cells, presents a single bell-shaped peak for every dose. The variation around the mean angle is within the same range for all doses tested. The scattering is compatible with a normal distribution. Thirty to 40% of the cells are in the peak triangle area with the highest amount of cells. The scatter increases slightly with the dose.
In contrast, even cells treated with the lowest concentration of BLM (10 pg/ml) and the shortest incubation time (5 min) showed a very wide distribution in the number of DNA strand breaks in individual cells (Figures 8b and 8c) . Compared with the standard deviations for X-ray exposure varying from 1.61 (3 Gy) to 2.43 (15 Gy), the mean o of the damage distribution for BLM-treated cells is significantly larger, with 5.02 for 10 pg/ml and 4.90 for 30 pglml. Evidently, BLM-induced DNA strand breaks within a treated cell population are far from being normally distributed, as are X-raytreated cells around one single mean. The spread is very wide, corresponding to primary radiation damage equivalent to a radiation dose from practically zero up to more than 15 Gy. The shape of 
Discussion
The methods used in the present experiments to quantify X-ray- and BLM-induced DNA strand breaks in CHO-K1 cells reveal two different aspects of damage distribution. With the bulk assay, a mean value of induced DNA strand breaks in a cell population is relatively rapidly obtained. The flow cytometric analysis is considerably more expensive and time-consuming. However, the distribution of induced DNA strand breaks obtained at the singlecell level provides important and revealing information to characterize the examined clastogens, i.e., X-rays and BLM. Flow cytometric analysis also does not need pre-labeling, thus opening the possibility to analyze clinical biopsy material (1 1) . The induction of DNA strand breaks in CHO-K1 cells, determined as mean values for cell populations, showed quite similar dose-response curves (Figure 1, curves a and b) for the physical and the chemical agent, i.e., X-rays and BLM. The similarity of these curves led to the incorrect conclusion that, for the tested dose ranges, the agents compared have qualitatively similar clastogenic effects on cellular DNA. A linear dose-response for X-rays is well known for cultured cell lines. The dose-response curve for BLM shows saturation at higher doses. This could be an arufact of the alkaline unwinding assay (e.g., resulting from DNA cross-links introduced by BLM). The measurement of DNA strand breaks in single cells by flow cytometry shows a totally dLfferent picture of the break distribution for X-rays and BLM (Figures 2 and 4) . The dose-dependent induction of breakages and the small dispersion of the number of breaks within a cell population after X-ray irradiation (Figure sa) refer to the mode of damage induction. Energy deposition in biological materials from exposure to X-rays is stochastic, i.e., depending on interaction probabilities of energetic electrons with cellular constituents. Under physiological conditions, most of the DNA strand breaks in a nucleus are caused by free radicals resulting from radiolysis of water molecules (6). Energy deposition in a cell is dependent neither on membrane permeability nor on sometimes complex and saturable enzyme effects. Only at doses below those incurred by a single radiation event per cell nucleus [i.e., 1 mGy nuclear dose from the path of a single (X-ray-produced) electron through the cell nucleus] may Poisson distributions arise [for review see Feinendegen fluorescence ratio undistinguishable from controls are present in every BLM-treated cell population. A possible explanation is that BLM concentration differs from cell to cell. Moore et al. (12) treated Saccharomyces cerevistae with [S-methyl-3H]-bleomycin A2 and found a highly unequal distribution from cell to cell at each exposure time (30 min to 4 hr).
In the case of BLM, average DNA damage measured in a bulk assay is therefore a much poorer indicator of cell survival than for X-rays. Similar findings with other cell systems were described using different technical approaches. Iqbal et al. (10) and Moore and Little (13) used an alkaline elution method to find biphasic elution patterns in L1210 cells or human diploid fibroblasts after BLM treatment. With a microelectrophoretic method, &ling and Johanson (17) described &rent degrees of DNA degradation in a limited number of CHO cells analyzed after BLM incubation. Our flow cytometric results confirm these qualitative reports. The automated method used here allowed for the first time the complete analysis of large cell populations containing statistically relevant numbers. This is the first time that the variance in the level of DNA damage from BLM was quantified. The results clearly show that within a cell population of CHO-K1 cells, cell subpopulations with different sensitivities to BLM treatment exist. Once the fraction of cell clumps and debris in the preparation is reduced further, the method described here also offers the possibility to correlate cell cycle stage with degree of damage in single cells, the vector length being a measure of the DNA content of a cell.
A second indication for the large heterogeneity of cell sensitivity to BLM treatment is the biphasic survival curve ( Figure 5 ), which differs considerably from the exponential curve after X-ray irradiation (Do = 1.6 Gy). These findings also suggest that sensitive and less sensitive cells were present in the treated population (2) . An apparent Do of 25 pglml BLM can be determined for the sensitive part of the survival curve and an apparent Do of 65 Vglml BLM for the less sensitive part of the survival curve after 2-hr treatment. One main reason for large differences in BLM sensitivity is the presence of a BLM-inactivating enzyme, BLM hydrolase (23). The inactivation of BLM by enzymatic degradation differs strongly among tissues. The ratio between the rate of inactivation and uptake was found to determine the efficacy of BLM; this ratio is highest in liver and spleen and lowest in skin and lung (15) . Whether induction or activation of hydrolases is involved in the biphasic survival pattern in our system remains to be elucidated.
In Saccharomyces cerevisthe, BLM was found to produce lesions in the cell wall with extension to cell membranes. It was proposed that at least initial effects leading to cell death could occur at this site and not necessarily solely through its interaction with cellular DNA (12) .
The single-cell assay used here also allows study of the cell cycle dependence of DNA strand break induction. At the resolution achieved, neither X-ray nor BLM treatment showed changes in the ratio (i.e., angle) with increasing distance from the x/y intersection. This distance is a measure of the total DNA content and al-lows the cell cycle phases GolG1 to be distinguished from S and G2 IM.
Repair of X-ray-induced DNA strand breaks is found with both methods (Figure 1 , curve c, and Figure 3 ). At the single-cell level, the homogeneous repair behavior indicates that the repair capacity is similar in single cells. No dependence on DNA content can be distinguished with our method. After 30 min the values approach control levels.
After removal of extracellular BLM, reversibility of damage (i.e., repair of BLM-induced DNA strand breaks) is found with both methods (Figure 1, curve d, and Figure 6 ). At the single cell level, the repair behavior of X-ray-or BLM-induced damage is largely different from repair of radiation damage. Large drfferences are seen in the repair of breaks within the cell population exposed to BLM. Independent of the total number of breaks received, most of the cells have the same greenxed ratio after 5 min as is found in untreated cells but in a considerable fraction of the cells BLM-induced damage is much more persistent.
Considering the results obtained at the single cell level, the mode of action of BLM seems to be too different from that radiation to use this agent as a radiomimetic. These findings are of special relevance to the use of BLM in cancer therapy, in which the goal is to destroy the proliferative capacity of all tumor stem cells while sparing other sensitive targets. It remains to be determined whether repeated BLM treatments, as used in tumor therapy, will affect the cells more evenly.
The clear indications of heterogeneity towards BLM both for DNA damage induction and survival (colony formation ability) in this study confirm and extend earlier reports based on small numbers of cells studied by microscopy (17) .
The semiquantitative analysis of DNA strand breaks at the level of single unlabeled cells will be very helpful in qualdying clastogenic agents and in probing mechanisms of DNA damage and repair. The successful elucidation of dose-effect relationships at the level of both environmental and therapeutic doses is crucially dependent on correct knowledge of intercellular variability Literature Cited
